Segregation of the apical and basolateral plasma membrane domains is the key distinguishing feature of epithelial cells. A series of interrelated cues and processes follow this primary polarization event, resulting in the morphogenesis of the mammalian epithelium. This review focuses on the role of the interactions between the extracellular matrix and neighbouring cells during the initiation and establishment of epithelial polarity, and the role that membrane transport and polarity complexes play in this process. An overview of the formation of the apical junctional complexes is given in relation to the generation of distinct membrane domains characterized by the asymmetric distribution of phosphoinositides and proteins. The mechanisms and machinery utilized by the trafficking pathways involved in the generation and maintenance of this apical-basolateral polarization are expounded, highlighting processes of apicaldirected transport. Furthermore, the current proposed mechanisms for the organization of entire networks of cells into a structured, polarized three-dimensional structure are described, with an emphasis on the proposed mechanisms for the formation and expansion of the apical lumen.
INTRODUCTION
Epithelium is a tissue composed of polarized cells, which line the body's organs and perform specialized functions, such as absorption, secretion and transcellular transport. Since epithelial cells often act as barriers, the significance of the polarization, or asymmetry, of this cell type is clear. Failure of epithelial cells to appropriately polarize leads to a variety of diseases, including but not limited to polycystic kidney disease, cystic fibrosis and certain metastatic cancers [1, 2] . As a result, the polarization of epithelial cells is a highly regulated event that is conserved across various organisms and is the topic of this review, with particular focus on apical protein targeting and transport.
The PM (plasma membrane) of epithelial cells is divided into the apical and basolateral domains, which are distinct in both lipid and protein composition [3] . The apical domain faces the lumen, the basal domain faces the basement membrane or ECM (extracellular matrix), and the lateral domains of these cells interact with neighbouring cells (Figure 1 ). Specialized apical junctional complexes, the tight junction (zonula occludens) and the adherens junction (zonula adherens), maintain the integrity of these two discrete apical and basolateral domains. Additionally, a distinct 'membrane domain', which has only recently been characterized, is the primary cilium, which extends from the apical domain of most epithelial cells ( Figure 1 ). This structure has recently been identified as a 'Mecca' of signalling regulation and has been comprehensively reviewed elsewhere [4] . Thus the ciliary targeting and transport are outside the scope of this review.
The tight junction, via its adhesion proteins, occludins and claudins, acts as a barrier to paracellular transport [5] , in addition to functioning as a 'fence' for the diffusion of lipid and protein components between membrane domains [6] . Tight junction formation is crucial for initiating the polarity programme of the cell and is regulated by the cell's polarity complexes, as it marks the separation of the apical and lateral domains [7, 8] . In mammalian cells, the adherens junction lies basally to the tight junction on the lateral domain of the epithelial cell and exists as an 'adhesive belt'. This adhesive belt enfolds the cell and functions as the cell's primary source of mechanical stability and linkage between neighbouring cells. These junctions are rich in calcium-dependent cadherin [9] , nectin and nectin-like molecules [10] . Moreover, adherens junctions provide the membrane with a link to the actin cytoskeleton ( Figure 1 
Figure 2 Polarity complexes and routes of polarized transport in epithelial cells
(A) PIP 2 is enriched on the apical PM domain, whereas PIP 3 is found predominantly on the basolateral domain. The Par3 protein, part of the apical PAR polarity complex, is localized to the tight junction. Upon the activation of the preformed Par6-aPKC complex by Cdc42, Par6-aPKC is recruited to Par3, where it forms the Par3-Par6-aPKC (PAR) polarity complex and marks the separation of the apical domain from the basolateral. Par6 recruits the CRB complex, which acts as a regulator of the formation and maintenance of the tight junction. The SCRIB complex is recruited by cadherin signalling at sites of cell-cell contacts, and mediates the formation of the basolateral domain. (B) (1) In the apical recycling pathway, cargo is endocytosed from the apical PM domain, and recycled back to the apical domain.
(1) Cargo can be transported directly to the ARE, and then be returned directly from the ARE back to the apical PM domain. (2) Cargo can be transported first to the AEE, where it is passed along to the ARE, and then returned to the apical PM.
(2) Basolateral recycling occurs when cargo is recycled from and back to the basolateral PM domain.
(1) Proteins can be endocytosed to the BEEs and returned directly back to the basolateral PM. (2) Alternatively, cargo can be endocytosed to the BEE, after which it is transported to the CRE, which returns it to the basolateral PM. (3) Finally, cargo can be transported directly to the CRE, and returned to the apical PM. (3) Transcytosis is the transport of cargo from one PM domain to the other.
formation of these polarized epithelial cells, and the cues that initiate this process of polarization.
POLARITY COMPLEXES
The classical model of epithelial polarization suggests that polarity initiating and driving cues come from the interaction of an epithelial cell with neighbouring cells [11] . These cues initiate the calcium-dependent trafficking of E-cadherin molecules to sites of cell-cell adhesion [12, 13] , thus spatially orienting apical-basolateral polarity. As adhesion molecules accumulate at these spot-like points of cell-cell adhesion, polarity complexes are recruited and initiate the formation of the adherens and tight junctions. Following this, lipids and protein are trafficked to the lateral membrane basal to the adherens junction, inducing the vertical growth of these cells, which results in a mature, polarized epithelium.
There exist three polarity complexes whose functions and regulations are dynamically intertwined with the creation of the epithelial junctional complexes and thus the establishment of apical-basolateral polarity in epithelial cells. These are the CRB (Crumbs) complex, the PAR (Partitioning-defective) complex and the SCRIB (Scribble) complex (Figure 2A ). These polarity complexes were originally discovered in Caenorhabditis elegans and Drosophila melanogaster, but later were shown to be highly conserved in mammalian epithelia. All three complexes are well established as key regulators of the formation of the tight junction and the segregation of the apical and basolateral PM.
While the CRB and PAR complexes have been well characterized in mammalian epithelia, the function of the SCRIB complex in vertebrate cells is much less understood. The SCRIB complex is composed of the scribble (scrib), discs large (dlg), and lethal giant larvae (lgl) proteins, all of which have been identified as tumour-suppressor genes regulating the establishment of apical-basolateral polarity [14] . This complex is thought to be recruited to sites of cell-cell adhesion in response to cadherin signalling [15, 16] , which will be discussed in the next section of this review. The SCRIB complex is required for the establishment of the basolateral domain, with recent evidence indicating that it regulates endocytic vesicle targeting to the basolateral domain via association with the tethering protein syntaxin 4 [17, 18] . The PAR complex is composed PAR3,
The best-studied pathway of transcytosis is basolateral to apical trans-cytosis. (1) Cargo is internalized from the basolateral PM to the CRE (sometimes via the BEE), which sorts it to the ARE, and releases the cargo on the apical PM. (2) Apical to basolateral transcytosis occurs via the internalization of apical cargo to the ARE (sometimes via the AEE), which sorts the cargo to the CRE. The CRE then directs the cargo to the basolateral PM. (4) Newly synthesized proteins are transported via the biosynthetic pathway from the TGN to either the apical or basolateral domains. These pathways sometimes use endosomal sorting intermediaries; however, direct transport from the TGN to the PM also occurs.
PAR6 and aPKC (atypical protein kinase C). The current model of the PAR-complex-dependent initiation of epithelial cell polarity is that PAR3 is localized to sites of contact between neighbouring cells before polarization, and that the binding of active Cdc42 (cell division control protein 42 homologue) to the preformed PAR6-aPKC complex results in the activation of the PAR3-PAR6-aPKC complex [19, 20] at the site of the forming apical PM domain. At this site, the PAR complex marks the apical domain of the cell and results in the formation of the tight junctions and the separation of apical-and basolateral domaininitiating factors. Furthermore, PAR6 recruits the CRB complex, which is largely specific to epithelial cells [21, 22] . The CRB complex consists of the CRB protein, PALS1 (protein associated with Lin Seven 1) and PATJ (PALS1-associated tight junction protein). The CRB complex functions as a unit of regulation for the formation of the tight junction [23] [24] [25] by concentrating at the site of the tight junction and demarking the point of separation between the apical and lateral domains. Furthermore, the size and maintenance of the established apical PM domain are regulated by the CRB complex [26] .
One of the more elusive concepts in this model of the establishment of polarity is the identification of the signalling event that results in the recruitment and activation of these polarity complexes. Preliminary studies in mammalian cells imply that the asymmetric distribution of PIs (phosphoinositides) may recruit the PAR complex and initiate the polarization process [27] [28] [29] . However, this is an area of controversy, as the reverse seems to be true in Drosophila [30] . Additionally, the activation of aPKC by Cdc42 has been suggested to be a downstream result of the PI3K (phosphatidylinositide 3-kinase) signalling pathway [31] , highlighting the complications arising from the interplay between the polarity complexes and PIs.
ROLE OF LIPIDS IN POLARIZED EPITHELIAL TRANSPORT
In addition to differential protein distribution, epithelial cells also display the polarization of various lipids. The composition of the inner leaflet of the PM is distinct between the apical and basolateral domains of the epithelial cell. While PIP 2 (phosphatidylinositol 4,5-bisphosphate) localizes primarily to the apical domain, PIP 3 (phosphatidylinositol 3,4,5-triphosphate) is concentrated on the basolateral domain of mammalian epithelial cells [32] [33] [34] . The segregation of these PIs into discrete membrane domains is necessary for the generation of apical-basolateral polarity. In part, this is due to the function of the PIs as apical and basolateral determinants that recruit specific proteins necessary for epithelial morphogenesis. The use of recombination techniques to mislocalize PIs to the opposite membrane domain results in the mistargeting of apical and basolateral proteins. Additionally, depletion of either factor from its appropriate domain is shown to inhibit the ability of these cells to undergo lumen morphogenesis [33] .
One of the first theories of apical targeting, the 'lipid raft hypothesis' [35] , centres on the self-aggregation of various lipids into distinct subdomains, which retain characteristics discrete from those of the basolateral membrane [36] . These lipid rafts were proposed to be detergent-resistant membrane domains, which are enriched in PIP 2 , cholesterol and glycosphingolipids. Lipid rafts also were suggested to be sorting sites for apical cargo exit at the level of the TGN (trans-Golgi network) [36] . While a mechanistic understanding of the role of lipid rafts in apical sorting has not yet been resolved and remains controversial, recent research indicates that lipid rafts might function as sites for the clustering and oligomerization of at least some apical proteins [37, 38] . However, recent studies have demonstrated the existence of a 'raft-independent' TGN exit pathway. Indeed, many proteins, such as endolyn, are transported to the apical PM in a manner that does not require lipid rafts [39] . Thus current studies in this area are aimed towards determining the role of other potential clustering/sorting regulators, which differentially sort cargo to lipid raft-dependent and -independent transport pathways. A variety of candidate proteins have already been identified, including clathrin adaptor proteins [40, 41] and carbohydrate-interacting proteins [42, 43] .
The association of the apical junctional complexes with the actin cytoskeleton is an important link, which is integral for the polarization of epithelial cells. Annexin2 is a PIP 2 -binding scaffolding protein that activates the PAR6-aPKC complex and initiates apical lumen morphogenesis, as well as the formation of the apical junctional complexes [34] . During the establishment of these cell-cell adhesions, PIP 2 regulates epithelial differentiation through its ability to associate with numerous actin-binding proteins at the apical domain [44, 45] . Another pathway of actin cytoskeletal regulation by PIP 2 is via PIP 2 's binding to ezrin through ezrin's FERM (4.1/ezrin/radixin/moesin) binding domain [46] , which allows PIP 2 to regulate ezrin's activity [47] . Through this interaction, PIP 2 directly links actin filaments to the PM, and allows for the regulation of the orientation and shape of the apical domain during the maturation of the epithelial lumen.
While the mechanisms regulating the generation of the PIP 2 /PIP 3 lipid asymmetry remain to be fully elucidated, phosphatases and kinases are known to be the tools through which this asymmetry is created. A series of phosphorylation events regulate the concentration and dynamics of these PIs within their respective membrane domains. One enzyme of interest is PTEN (phosphatase and tensin homologue deleted on chromosome 10), which generates PIP 2 from PIP 3 . PTEN is shown to bind and be activated by PIP 2 at the apical PM [48, 49] , where it is likely recruited by binding to PAR3. On depletion of PTEN in MDCK (Madin-Darby canine kidney) cells, which leads to a decrease in PIP 2 levels, generation of the apical lumen is inhibited [33] .
Another protein that is important for the generation of the polarized distribution of PIs in epithelial cells is PI3K, a key kinase that phosphorylates PIP 2 , thus increasing PIP 3 levels in the basolateral PM. E-cadherin accumulation at the sites of cellcell adhesion results in the recruitment of the human homologue of Disc-large protein [15] , which in turn recruits and activates PI3K to stabilize the adherens junctions via linkages to the actin
cytoskeleton [50] [51] [52] [53] . After being recruited to cell-cell adhesion sites, PI3K not only acts as a stabilizing factor for the adherens junctions, but additionally functions as a predominant contributor to the supply of PIP 3 for the lateral domain. The inhibition of PI3K results in a significant decrease in the height of epithelial cells, presumably by inhibiting growth of the lateral PM [54] . Interestingly, the fate of the apical and basolateral domains are intertwined, as apical PIP 2 also has a role in regulating the endocytic routes of transport taken by the basolateral cadherins [55, 56] . This allows for the disintegration and reorganization of cell-cell contacts to keep up with the dynamic needs of epithelial cells [57, 58] .
While lipid asymmetry and PI-dependent signalling events are critical for the establishment of distinct apical and basolateral domains, a comprehensive understanding of these PIs is not sufficient to explain the complexities of polarized transport. In addition to these membrane-initiated sorting and transport events, proper biosynthetic and endocytic transport relies on defined targeting signals embedded in the cargo itself as well as specific transport machinery that processes cargo through a series of subcellular sorting intermediaries, called endosomes, which are distinct for sorting to the apical and basolateral membrane domains.
ENDOCYTIC SORTING AND TRANSPORT IN EPITHELIAL CELLS
Similar to the PM, subcellular compartments within the epithelia are spatially and functionally distinct. A series of domain-specific endosomes act as intermediaries for endocytic transport, in which proteins are sorted and targeted to their appropriate PM domain [59] (Figure 2B ). Endosomes are not only crucial sites for endocytic transport, but additionally play a role in the biosynthetic transport pathway, as many proteins are transported from the TGN to endosomes before reaching their final destination at the cell surface [60] . Cargo, delivered to endosomes for sorting, follow one of three possible pathways: (1) they are returned to the same domain from which they were endocytosed; (2) they are transported to the opposite PM domain (a process referred to as transcytosis); or (3) they become the constituents of a degradative pathway [61] (Figure 2B ).
There are unique early endosomes for the apical and basolateral domains, known as the AEEs (apical early endosomes) and the BEEs (basolateral early endosomes), which are located adjacent to their respective PM domains ( Figure 2B ). The CREs (common recycling endosomes) are the centrally localized sites of polarized protein sorting, which receive cargo from, and are capable of transport to, both membrane domains. CREs are often characterized by the presence of both apical and basolateral markers. AREs (apical recycling endosomes) are spatially and functionally separate apical domain-specific organelles from the AEEs, and are marked by the presence of the small monomeric GTPase Rab11a/b, and mediate protein transport to the apical PM domain [62] [63] [64] [65] . It remains to be determined whether an ARE is a subdomain of the CRE or a functionally distinct compartment [66] .
Protein sorting and transport within and between endosomes is a complex process that is regulated by several families of proteins, which regulate endocytic carrier formation, transport, tethering and fusion with either the apical or the basolateral membrane. Additionally, the transport of cargo from endosomes to the correct PM domain of the cell at the appropriate time during epithelial morphogenesis requires the timed spatial delivery of specific cargo via a series of specialized motor proteins.
Kinesin-2 has emerged as a molecular motor required for polarized protein transport in epithelial cells. The KIF (kinesin superfamily of molecular motor proteins) consists of predominantly plus-end-directed microtubule motors, which co-ordinate the intracellular transport of a variety of proteins [67] . The Kinesin-2 subfamily consists of the KIF3A/B and KIF17 molecular motors [68, 69] . KIF3A and KIF3B exist as heterodimers, often bound to an adaptor protein, such as KIF-associated protein 3, which associates the kinesin with the cargo to be transported. Alternatively, KIF17 exists as a homodimer and appears to bind cargo directly via its Kif17 tail domain. These Kinesin-2 motor proteins have been shown to regulate the formation and stability of cellcell adhesions, and thus the polarity programme of these cells [70] . Furthermore, KIF17 motors were shown to mediate protein transport to the apical PM [70a] , whereas KIF3A/B motors are known to function as protein transporters within the primary cilia [71, 72] .
In addition to transport, the correct sorting of cargo into various endocytic carriers also plays an important role in the establishment and maintenance of apical polarity. Several basolateral adaptor proteins have been identified and have been shown to associate with the clathrin-dependent endocytic transport pathway [73, 74] . One of the proteins currently known to be involved in basolateral transport is AP1 (adaptor protein 1; specifically the AP1B variant which is expressed in many epithelial cells) [75] [76] [77] . It has been shown that the μ1b subunit of AP1B is responsible for directing the polarity of the tyrosine-based basolateral sorting signals of the cargo [76, 77] , which are thought to cluster into areas of clathrin-coated pit formation [78] . The sorting machinery dedicated for protein transport to the apical PM is much less understood, and does not appear to depend on specific adaptor proteins. Furthermore, it has been suggested that in some cases, apical transport may be a default pathway and may not require specialized sorting signals. This is consistent with the observation that mutation of basolateral sorting signals usually sends cargo to the apical PM. Apical PM proteins may rely more heavily on lipid-dependent sorting, directional transport and tethering to maintain their apical localization. Alternatively, they may simply depend on their retention signals, such as the PDZ domain, to keep them anchored to the actin cytoskeleton associated with the apical PM domain.
In addition to adaptor proteins and molecular motors, members of the Rab family of small monomeric GTPases have emerged as a group of key regulators of polarized transport in epithelial cells [79] . There are over 50 Rab GTPases identified in mammalian cells which are all thought to regulate distinct membrane transport pathways [80] . The Rab11 subfamily of GTPases is recognized as a key regulator of polarized endocytic sorting and transport in epithelial cells [81] . Rab11 has been implicated in the regulation of many transport steps, including the apical recycling pathway [82, 83] , basolateral-to-apical transcytosis [62] , as well as in the delivery of biosynthetic proteins from the TGN to the apical and basolateral PM domains [59, [84] [85] [86] . In addition to Rab11, Rab8, and Rab10 also affect basolateral transport from the CRE, and potentially play a role in transcytosis in MDCK cells [87, 88] . The functional role of Rab8 remains to be elucidated, as there are conflicting reports of an apical localization of Rab8 [89] . Finally, Rabs 4, 5 and 7 have been characterized in non-polarized cells [90] and are thought to mediate similar endocytic processes in polarized cells; however, these GTPases remain the focus of future inquiries.
One of the most pressing questions in the field is concerning how the specificity of each Rab is imparted and regulated. All small GTPases bind downstream effectors while in their active GTP-bound conformation. There is some evidence indicating that GTP-bound Rabs might recruit specific motor proteins. For example, Rab11a binds the actin molecular motor, myosin-Vb, to transport cargo to the apical domain [91] , in addition to mediating the recruitment of Kinesin-2 to endocytic membranes [92] . While it is possible that this regulation of myosin and kinesin activity by Rabs may have a role in the spatial distribution of distinct organelle subpopulations within polarized cells, it is also thought that there are other downstream effector molecules that oversee Rab function and specificity. Rab11 FIPs (family interacting proteins) were identified as a family of proteins that bind specifically to Rab11 GTPases [81, 93] and act as scaffolds for the recruitment of various factors involved in the regulation of endocytic transport. Because each FIP forms a mutually exclusive complex with Rab11 [94] , it is possible that each individual Rab11-FIP complex is formed to specifically regulate individual pathways of endocytic transport. Consistent with this specificityimparting and potential scaffolding function of FIPs, several FIP family members have been shown to interact with other regulators of membrane trafficking [95] . For example, FIP5/Rip11, a Rab11-binding protein involved in apical-directed transport, has been immunoprecipitated with KIF3A/B [92] , while FIP2 binds to myosin-Vb and FIP1/RCP (Rab coupling protein) interacts with Golgin-97, [96] .
In addition to the specificity imparted by Rabs, FIPs, and molecular motors, another set of proteins that make up an important part of the endocytic machinery are tethering and fusion proteins. The key example of this, being conserved from yeast to mammalian cells, is the Exocyst complex. The Exocyst complex is required for the polarization of epithelial cells [97] , as it is integral for the transport of cargo from the Golgi or the endosomes to the PM [98] . This complex is composed of eight subunits, and is required for the establishment of epithelial polarization [99] . The assembly of this complex aids in driving the fusion of vesicular carriers with their target PM domain. The tethering function of the Exocyst complex delivers and drives the fusion of vesicles at sites of polarized development [97, 100] . The localization and function of the Exocyst complex is regulated by a series of binding proteins, including Rabs and their binding proteins, which are thought to drive the assembly of the Exocyst complex (reviewed in [101] ).
The fusion of transport vesicles with their appropriate target membrane is mediated by a group of tethering proteins known as SNAREs (soluble N-ethylmaleimide-sensitive fusion proteinattachment protein receptors), which are part of the exocyst machinery. There are two subclasses of SNAREs, v-SNAREs (vesicle-SNAREs) that are localized to the membrane of the endocytic carrier and t-SNAREs (target-SNAREs) that are located in the acceptor membrane. It is well established that distinct sets of SNAREs are present on the apical and the basolateral domains of the polarized cell. In MDCK cells, syntaxin 3 is a marker of the apical domain, whereas syntaxin 4 is a marker of the basolateral domain [102] . It has also been reported that different pathways of endocytosis function with the aid of unique v-SNAREs [103] [104] [105] . The binding of complementary v-and tSNAREs and the resulting tethering and fusion of the membrane, is thought to impart a mechanism for the specificity of cargo transport [106] .
These mechanisms of apical and basolateral targeting are regulated by the structure and sequence of the proteins themselves, as well as by the overarching polarity programme of the cell. This establishment of apical-basolateral polarity, which utilizes the described routes of endocytic transport via a variety of regulators, must be coupled by each individual cell to the polarity programme of the forming tissue for the successful generation of a polarized structure. In epithelial tissues, the resulting structure created by a network of polarized cells is a cylindrical tube made up of a single layer of epithelial cells connected on their lateral faces, which are oriented such that their apical domain lies facing the lumen, and the basolateral domain faces the ECM of this monolayer.
THE ROLES OF POLARITY COMPLEXES AND ENDOCYTIC TRANSPORT DURING EPITHELIAL LUMEN MORPHOGENESIS
Tissue morphogenesis requires the co-ordination of, and therefore communication between, entire groups of epithelial cells within three-dimensional space. The final result of these processes is the formation of epithelial tubes or end buds, in which all epithelial cells are properly oriented such that their apical domain faces the central lumen of the three-dimensional structure [107] . Since much of the work on epithelial polarity has been conducted using two-dimensional epithelial cell models, the process of epithelial polarization during the formation of three-dimensional structures remains poorly understood. The mechanisms regulating epithelial tube formation and branching involve very complex processes and have been extensively reviewed elsewhere [108, 109] . Here, we will focus only on the mechanisms of apical lumen formation, since several recent reports have demonstrated the co-ordinated involvement of polarity complexes and . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . polarized endocytic transport in the establishment and formation of the apical lumen.
The two prevailing models of lumen formation during the tubulogenesis of non-polarized precursor cells are the hollowing model and the cavitation model (Figure 3) . In the hollowing model, it was proposed that specialized organelles called VACs (vacuolar apical compartments) are formed and exocytosed to the site of the forming lumen [110] . The fusion of these VACs with each other and with the PM is believed to initiate the formation of the apical central lumen [111] . VACs appear to be specialized endocytic carriers that are formed by the internalization of apically targeted proteins, lumen formation factors as well as some extracellular fluid [110] . These vacuoles are transported through the cell and are exocytosed at the meeting point of the dividing cells, and fuse to generate the initial apical luminal space, which is enlarged as the cyst grows (Figure 3) . In MDCK cells, VACs are known to secrete both glycoproteins (such as gp135/podocalyxin) and polysaccharides into the lumen, thereby leveraging electrostatic repulsion and steric hindrance as driving forces for maintaining the luminal space and preventing self-association of the apical membrane, which would act to close the lumen [112] [113] [114] .
Rab8 and Rab11 have been found to regulate the formation of the lumen in vivo [89, 115] , and evidence has come into light that argues that Rab11 is capable of mediating the endocytosis of the polarity protein, Crumbs3a, and thereby demarks the site of the apical lumen membrane [116] . Results from that paper indicate that, in MDCK cells, the lumen is initiated during the first cell division of the forming cyst, via the trafficking of Crumbs3a in Rab11-positive VACs to the site of cytokinesis. The involvement of a CRB polarity complex protein, which is thought to recruit aPKC to the site of the forming lumen and thereby enable the polarity programming of the forming cyst, highlights the complexity of epithelial morphogenesis in the context of an entire tissue. While epithelial morphogenesis and the polarity programming of a single cell are still not completely understood, even less is known about the mechanisms used during organogenesis, and this is an area of great interest and debate within the field of epithelial cell biology.
The alternative model, the cavitation model of tube morphogenesis, arises from original studies conducted in the early mouse embryo [117] , which propose that an aggregation of nonpolarized cells is a precursor to the polarized epithelial tube. The cells on the outer periphery of this agglomeration, namely the cells that are in contact with the ECM, polarize as a cylindrical monolayer and separate from the cells in the centre of the forming tubule. The cells located in the middle of the forming tube then undergo caspase-dependent programmed cell death, called apoptosis, to evacuate and maintain the central luminal space (Figure 3) . It is thought that the lack of contact between centrally located cells with the basement membrane acts as a large contributor to the susceptibility of these cells to apoptotic death. Evidence supporting the cavitation model of epithelial morphogenesis in mammalian cells has come from human mammary cells [118] and MDCK cells grown in a collagen matrix [119] . Moreover, the most striking proof for the cavitation model comes from in vivo studies of the mammary and salivary glands showing large numbers of apoptotic cells in the centre of the forming tubules within these glands [120, 121] .
While cavitation has been observed in epithelial morphogenesis as a mechanism that enables the clearing of the forming apical lumen, and thus the establishment of a differentiated epithelial tubule, apoptosis is not absolutely required for the creation of these tubules. Research conducted in MDCK cells reveals that, on overexpression of the apoptotic inhibitor, Bcl-2, lumen formation is delayed, but not altogether blocked [122] . Additionally, in vivo studies conducted in the mouse mammary gland reveal that the inhibition of apoptosis delays, but does not completely abrogate, lumen clearing [123] . One alternative to caspase-dependent cell death is anoikis, another form of cell death, which is also thought to be triggered by the loss of cell contact with the ECM [124] [125] [126] . Furthermore, initial evidence for lumen clearing via autophagy has been established [118, 123] . These results highlight the importance of redundant mechanisms that act to ensure the formation of the apical lumen.
While these two models of apical lumen formation are classically distinct, it is likely that they are functionally intertwined, with a mixture of both hollowing and cavitation occurring during the morphogenesis of most three-dimensional epithelial structures. It is likely that the predominance of one mechanism in particular tissues is dependent on a series of regulatory factors. An example of the regulation of the balance between hollowing and cavitation during tubulogenesis lies in studies conducted in MDCK cells, where it has been shown that the chosen mechanism of lumen formation and clearing depends on the ability of the cells to quickly polarize [119, 127] . When plated in an ECM that provides the appropriate factors for epithelial polarization, such as Matrigel, polarized cysts rapidly form without the use of apoptosis as a lumen-clearing mechanism. In this case, the secretion of luminal proteins, such as gp135, induces the separation of the apical membrane via the hollowing mechanism. However, when MDCK cells are plated in a stiffer, less-differentiated matrix such as collagen, there is a delay in polarization, which is likely affected by the necessity of the cells to now form their own ECM factors to allow polarization. This delay results in the accumulation of cells in the apical lumen upon polarization of the cyst, which leads to apoptosis of these excess cells, and thus cavitation [119] . Similarly, the preferential use of hollowing or cavitation has been shown to be involved in the morphogenesis of different tissues in vivo.
The evidence for the hollowing model of lumen formation in vivo in epithelial cells is largely derived from studies conducted under non-physiological conditions, such as calcium depletion [110] or the delay of cell polarization [119] . Only recently has evidence for the formation of VACs in epithelial cells in vivo come into light, through studies of lumen formation in the zebrafish gut epithelium [128] . Moreover, further support for the hollowing model comes from the visualization of VACs in the development of endothelial blood vessels in zebrafish embryos [129] . Despite the visualization of VACs in vivo, there is a debate over the validity of the hollowing model due to the potential for the visualization of VACs or VAC-like structures as a result of alternative programmes of morphogenesis [130] . The primary example supporting the cavitation model of lumen clearing in vivo is in the mouse mammary gland, in which apoptotic clearing of luminal cells in the mammary duct has been visualized [120] . These results are supported by three-dimensional cell culture studies of mammary cells, which mimic these results [131] .
All the levels of regulation imparted by the polarity complexes, the generation of the distinct membrane domains, and the regulated sorting and transport of endocytic vesicles discussed earlier in this review, play a large part in the generation of the epithelial lumen. A deeper understanding of the mechanism(s) used to create and maintain the apical luminal space during epithelial morphogenesis is highly important. The clinical impacts of this information would be far-reaching, as cancer and inflammation are associated with the filling or improper clearing of the apical luminal space.
CONCLUSIONS AND FUTURE OBJECTIVES
The development and maintenance of epithelial cell polarity is critical for the functioning of many of the body's tissues and organs. While the co-ordination between individual epithelial cell polarization and tissue morphogenesis is a complex process involving many levels of regulation, much progress has been made in the field within the last decade. The advent of threedimensional cyst-formation assays in vitro, along with organotypic and in vivo studies, have led to great advances in our understanding of epithelial morphogenesis, as well as lumen formation and maintenance. Nevertheless, there remain many gaps in our knowledge of epithelial polarization, especially in terms of integrating the roles of the cytoskeleton and polarity complexes with endocytic transport. Furthermore, the signalling machinery that initiates and maintains polarity during the formation of three-dimensional structures remains to be fully understood. However, the model systems that are currently being established will afford us the tools necessary to deepen our understanding of these processes, and fill the gaps in our understanding of epithelial morphogenesis.
